1. Introduction {#s0005}
===============

Noroviruses are a major cause of epidemic and sporadic gastroenteritis in humans ([@bb0290]). They were also identified in cattle and other animal species with reports of lesions and clinical signs of gastroenteritis ([@bb0020], [@bb0070], [@bb0095], [@bb0120], [@bb0145], [@bb0155], [@bb0180], [@bb0210], [@bb0215]). Noroviruses belong to the genus *Norovirus*, within the Caliciviridae family. They are non-enveloped viruses with a diameter of approximately 27--40 nm and possess a positive-sense, single stranded RNA genome of around 7.5 kb composed of three open reading frames (ORF) ([@bb0290]). The ORF1 encodes a large polyprotein that is further cleaved into at least six non-structural proteins by the viral 3C-like protease, including the RNA-dependent RNA polymerase (RdRp, P). ORF2 and ORF3 encode the major (VP1) and minor (VP2) capsid proteins, respectively ([@bb0290]). The VP1 capsid protein is organized into two domains: a shell domain (S domain, N-terminal part) and a protruding domain (P domain, C-terminal part, exhibiting two sub-domains: P1 and P2) ([@bb0150]). The P2 is a hypervariable domain and has an external localization, compatible with its function of both cell receptor ligand and immunogenic determinant ([@bb0190]).

Noroviruses are genetically and antigenically diverse ([@bb0290], [@bb0225]). As no cell culture system has been established for growing Norovirus (with the exception of murine strains), currently reverse transcription-polymerase chain reaction (RT-PCR) and genomic sequencing are used for characterizing viruses and understanding the phylogenetic relationships among strains detected in animals and humans worldwide. Routinely, Noroviruses are genotyped by analysis of partial capsid (VP1) or polymerase (RdRp) gene sequences. However, genotyping based exclusively on one region of Norovirus genome is not an accurate representation of viral epidemiology, especially due to frequent recombination within Noroviruses ([@bb0025]). Recombination commonly occurs at the ORF1--ORF2 junction although other recombination sites have been reported ([@bb0255], [@bb0025], [@bb0260], [@bb0265]). To address the inconsistencies in Norovirus genotyping, a nomenclature system which incorporates both polymerase and capsid regions has been proposed ([@bb0085]). At least six genogroups (GI to GVI) have been described in the genus *Norovirus* and a tentative genogroup VII has been proposed ([@bb0290], [@bb0285]).

Currently, bovine Norovirus sequences described so far cluster within GIII. This genogroup is further subdivided into genotypes: GIII.1 and GIII.2 ([@bb0040], [@bb0290], [@bb0100], [@bb0125]) including all bovine Norovirus strains and a proposed GIII.3 containing ovine Noroviruses ([@bb0215]). The bovine Norovirus strains Bo/DE/1980/GIII.1/Jena ([@bb0055], [@bb0090], [@bb0135]) and Bo/UK/1976/GIII.2/Newbury2 ([@bb0035], [@bb0220]) are the prototypes for GIII.1 and GIII.2, respectively, while Ov/NZL/2007/GIII.3/Norsewood30 is the prototype strain for GIII.3 ([@bb0215]). Genetic studies on bovine Noroviruses have been hampered by the small number of partial sequences available and, more importantly, the paucity of complete genome sequences ([@bb0040], [@bb0110], [@bb0115]).

Viral RNA recombination is a major evolutionary mechanism for viruses. It can affect phylogenetic grouping, virulence, prophylactic and diagnostic approaches. Bull et al. defined recombinant Norovirus as those that cluster with two distinct groups of Norovirus strains when two different regions (normally, the capsid and the RdRp) of the genome are phylogenetically analyzed ([@bb0255]). Studying all available sequences in 2007, Bull et al. reported the existence of two recombinant prototypes for bovine Noroviruses: GIII.P1_GIII.2 and GIII.P2_GIII.1 with Bo/UK/2000/GIII.P1_GIII.2/Thirsk10 and Bo/US/2003/GIII.P2_GIII.1/B-1SVD as reference strains, respectively ([@bb0025], [@bb0130]). Since then, molecular characterization of bovine Noroviruses from diverse geographical settings have revealed the circulation of a number of recombinant strains genetically related to Bo/UK/2000/GIII.P1_GIII.2/Thirsk10 ([@bb0040], [@bb0065], [@bb0075], [@bb0105]). However, to our knowledge no other bovine Norovirus strains related to Bo/US/2003/GIII.P2_GIII.1/B-1SVD have been reported.

Livestock industry is a major economic activity in Argentina. Among cattle infectious diseases, neonatal calf diarrhea is considered an important sanitary problem of both beef and dairy cattle ([@bb0205]). Molecular detection of bovine Norovirus sequences has been frequently associated with calf diarrhea ([@bb0160]). Their pathogenicity is believed to be low or moderate ([@bb0080]), although studies analyzing their economic impact (weight loss, health status, veterinary treatment cost) as co-infecting agent in combination with other enteric pathogens have not yet been conducted. Molecular characterizations of bovine Noroviruses circulating in cattle from different regions of the world have been performed but still there is scarce data regarding South American countries, where large cattle populations are living, such as Argentina or Brazil. The aim of this study was to investigate the presence and genetic diversity of bovine Noroviruses in fecal samples from Argentinean diarrheic dairy calves.

2. Materials and methods {#s0010}
========================

2.1. Fecal samples {#s0015}
------------------

Between 2008 and 2012, a total of 90 fecal samples from dairy calves suffering from diarrhea were collected from herds belonging to the major dairy regions of Argentina. The provinces included were Buenos Aires, Córdoba, Santa Fe and Entre Ríos. The ages of the sampled calves ranged from 1 to 90 days old. From these, 69 samples were received at the Diagnosis Service of the Virology Institute of the National Institute of Agriculture Technology (INTA) between 2008 and 2012. These 69 samples tested negative for Group A Rotavirus (RVA) and Bovine Coronavirus (BCoV). Screening for bovine RVA was performed using an antigen capture ELISA ([@bb0030]) while screening for BCoV was done using an ELISA based on monoclonal antibodies previously described ([@bb0280]). These results were reported elsewhere ([@bb0230], [@bb0250]).

The other 21 samples were selected from 11 dairy herds included in a statistically designed survey carried out in Southern Buenos Aires province to study the microbiology of calf diarrhea in dairy herds from the dairy region named "Cuenca Lechera Mar y Sierras" between 2008 and 2009, These 21 samples tested negative for RVA, BCoV, *Salmonella* ssp. and *Cryptosporidium* ssp.

2.2. RNA extraction and bovine Norovirus one step RT-PCR {#s0020}
--------------------------------------------------------

For the viral assays, fecal suspensions of samples were prepared by diluting feces 1:4 in distilled water. The suspensions were then vortexed for 15 s, centrifuged at 2500*g* for 5 min, and supernatants were collected and stored at − 80 °C for further testing. The RNA was extracted using the QIAamp Viral RNA Mini Kit (Qiagen) following manufacturer\'s instructions from a 200 μl starting volume of the centrifuged fecal suspensions. The recovered RNA was eluted in 40 μl of elution buffer and stored at − 80 °C until further use.

For the amplification of the partial RdRp coding region, a One Step RT-PCR kit was used (Qiagen) according to manufacturer\'s instructions. Primers used were CBECu-F (5′-AGTTAYTTTTCCTTYTAYGGBGA-3′) and CBECu-R (5′-AGTGTCTCTGTCAGTCATCTTCAT-3′), with an expected amplicon size of 532 nt ([@bb0170]). The mixture was incubated for 30 min at 50 °C for reverse transcription, followed by 15 min at 95 °C for initial PCR activation. Then, 35 amplification cycles (1 min at 94 °C, 1 min at 46 °C and 2 min at 72 °C) were performed followed by a final extension step at 72 °C for 10 min. The amplification products were analyzed by 2% agarose gel electrophoresis and visualized under UV light. Agarose gel purification was performed on RT-PCR amplicons of the expected size using the QIAquick Gel Extraction kit (Qiagen). The RT-PCR products were Sanger sequenced directly in both directions obtaining a region spanning the primer binding areas.

2.3. Sample preparation for next generation sequencing {#s0025}
------------------------------------------------------

Fecal suspensions were homogenized for 1 min at 3000 rpm with a MINILYS homogenizer (Bertin Technologies, France) and filtered consecutively through 100 μm, 10 μm and 0.8 μm membrane filters (Millipore). The filtrate was then treated with a cocktail of Benzonase (Norovirusagen) and Micrococcal Nuclease (New England Biolabs.) at 37 °C for 2 h in a homemade buffer (1 M Tris, 100 mM CaCl~2~ and 30 mM MgCl~2~) to digest free-floating nucleic acids. RNA and DNA were extracted using the QIAamp Viral RNA Mini Kit (Qiagen) according to the manufacturer\'s instructions, but without carrier RNA in the lysis buffer. First and second strand synthesis and random PCR amplification for 20 cycles were performed using a slightly modified Whole Transcriptome Amplification (WTA) Kit procedure (Sigma-Aldrich), with a denaturation temperature of 95 °C instead of 72 °C to allow for the denaturation of dsDNA and dsRNA. This modification leads to the amplification of both DNA and RNA. WTA products were purified with MSB Spin PCRapace spin columns (Stratec) and were prepared for Illumina sequencing using the KAPA Library Preparation Kit (Kapa Biosystems). Libraries were quantified with the KAPA Library Quantification kit (Kapa Biosystems) and sequencing of the samples was performed on a HiSeq 2000 platform (Illumina) for 201 cycles (100 bp paired ends). Each sample was attributed a total of approximately 1 million paired end reads.

2.4. Bioinformatics analysis {#s0030}
----------------------------

Raw reads were trimmed for quality and adapters using Trimmomatic ([@bb0245]) and were *de novo* assembled into contigs using SPAdes ([@bb0240]). Scaffolds were classified using a tBLASTx search against all complete viral genomes in GenBank using an e-value cut-off of 10^− 10^. Scaffolds with a significant tBLASTx hit were retained and used for a second tBlastx search against the GenBank nucleotide database using an e-value of 10^− 4^ ([@bb0235]). The trimmed reads were mapped onto the obtained Noroviruses consensus sequences for sequence validation using BWA ([@bb0270]).

2.5. Phylogenetic analysis {#s0035}
--------------------------

Sequences were edited with the BioEdit 7.0.5.3 sequence Alignment Editor ([@bb0060]). Sequences with the highest nucleotide similarity within GenBank were retrieved using the BLAST tool (available at <http://www.ncbi.nlm.nih.gov/blast/Blast.cgi>). Alignments were performed using the MEGA version 6 software package ([@bb0185]). Phylogenetic relationships were inferred using the same software.

Nucleotide identity plots of partial RdRp coding region for (3′-end), single capsid protein and small basic protein coding regions compared to bovine Norovirus reference strains Bo/DE/1980/GIII.1/Jena and Bo/UK/1976/GIII.2/Newbury2 were performed using the Simplot software version 3.5.1 (available at <http://sray.med.som.jhmi.edu/SCRoftware>).

Three-dimensional modeling was achieved with the SWISS-MODEL tool ([@bb0010]) and the Chimera software (available at <http://www.cgl.ucsf.edu/chimera>) on the basis of amino acid alignments with the Bo/DE/1980/GIII.1/Jena reference strain.

3. Results {#s0040}
==========

3.1. Detection and phylogenetic relationships of Argentinean bovine Norovirus strains {#s0045}
-------------------------------------------------------------------------------------

A total of 14 samples (14/90, 15.5%) presented an amplification product of the expected size after One-Step RT-PCR using CBECu-F/R primers targeting the RdRp genomic region of the bovine Norovirus genome. Only seven of these samples presented a strong enough signal to be sequenced. Furthermore, Sanger sequence analysis confirmed that only three of these seven amplicons belonged to bovine Noroviruses. This indicates an apparent detection rate of 3.3% (3/90) in samples negative for RVA and BCoV. It is important to highlight that phylogenetic analysis of the remaining four amplicons indicated that those sequences were closely related to a ruminant bacteria named *Prevotella* sp. (see Supplementary Material). In particular, *Prevotella ruminicola* is commonly found in the rumen and hindgut of cattle and sheep ([@bb0275]).

Positive samples for bovine Norovirus were identified as Bo/AR/2012/B4836 (B4836), Bo/AR/2012/B4848 (B4848) and Bo/AR/2012/B4881 (B4881). These three samples came from young calves with diarrhea from different provinces of Argentina. Sample B4836 was collected from a 9-day-old calf from a dairy herd in Santa Fe province. Sample B4848 came from a 2-day-old calf from Buenos Aires province and B4881 was taken from a 3-day-old animal from Córdoba province. All Norovirus positive samples were collected in 2012. Using the BLAST tool, the three partial sequences obtained from RdRp gene showed to be genetically most closely related to GIII bovine Norovirus sequences. The sequence of B4848 was most closely related with GIII.1 viruses, whereas both B4836 and B4881 were most closely related to GIII.2 viruses ([Fig. 1](#f0005){ref-type="fig"}A). Considering the fact that recombination commonly occurs at the ORF1-ORF2 junction, we attempted to get the complete VP1 coding sequences by next generation sequencing, which was successful for the B4848 and B4881 strains. By phylogenetic analyses, these two sequences were more closely related to GIII.1 viruses ([Fig. 1](#f0005){ref-type="fig"}B). This indicates contradictory phylogenetic inferences for B4881, grouping the polymerase (ORF1, RdRp) and capsid regions (ORF2, VP1) of this strain into different genotypes, which may suggest recombination between the RdRp and VP1 coding regions at the genotype level.Fig. 1Phylogenetic trees constructed by the Maximum Likelihood method. A. Phylogenetic tree based on a partial coding region for the RNA-dependent RNA polymerase (RdRp, 532 nucleotides) of Norovirus sequences identified in this study (B4836, B4848 and B4881) and other bovine Norovirus reference sequences. The substitution model (Tamura 3-parameter + γ distribution) was selected on the basis of both lowest Akaike and Bayesian information criterion scores. The scale bar represents the phylogenetic distances expressed as units of expected nucleotide substitutions per site. B. Phylogenetic tree based on complete capsid protein (VP1) sequence of two of the bovine Norovirus sequences identified in this study (B4848 and B4881), and other bovine Norovirus reference sequences. The substitution model (LG model + γ distribution + assuming that a certain fraction of sites are evolutionarily invariable) was selected on the basis of both lowest Akaike and Bayesian information criterion scores. The scale bar represents the phylogenetic distances expressed as units of expected amino acid substitutions per site. The numbers at the nodes indicate the frequencies of occurrence for 1000 bootstrap replicate trees. The sequences detected in this study are repaired in bold case. GenBank submission numbers: 1866865 for partial RdRp sequences and 1866066 for VP1/VP2 coding sequences.Fig. 1

3.2. Recombination analysis {#s0050}
---------------------------

In order to clarify if strain B4881 could be a recombinant genotype, a nucleotide identity plot --Simplot- analysis was performed on the sequence encompassing the end of the RdRp gene (ORF1, 3′ region, 498 nt), and both the entire ORF2 and ORF3 regions. For this analysis both reference strains for genotypes GIII.1 (GIII.1 Jena) and GIII.2 (GIII.2 Newbury2) were included. For ORF1, the percentage of nucleotide identity between B4881 and GIII.1 Jena was between 83% and 91%, while the similarity to GIII.2 Newbury2 was between 63% and 82% ([Fig. 2](#f0010){ref-type="fig"} ). However, [Fig. 2](#f0010){ref-type="fig"} shows a putative recombination breakpoint located within the ORF1/ORF2 overlap, from where B4881 nucleotide sequence seems to be more similar to GIII.2 Newbury2 sequence than to GIII.1 Jena. Furthermore, for the ORF2/3 region, the similarity between B4881 and both GIII.1 Jena and GIII.2 Newbury2 strains is particularly low, especially in the more variable region of the capsid coding sequence (P domain). These results suggest that B4881 sequence could be a representative of a potential new genotype within GIII, tentatively named GIII.4.Fig. 2Nucleotide identity plot of a partial coding region for the RdRp (3ʹend of ORF1, 498 nt), the ORF2 and the ORF3 nucleotide sequences of the Bo/AR/2012/B4881 genome compared with bovine Norovirus reference strains GIII.1 Jena and GIII.2 Newbury2. Nucleotide positions are reported on the X-axis and similarity score on Y-axis following a sliding window of 200 bp. The vertical line indicates localization of the putative recombination breakpoint.Fig. 2

To further explore the positions of the amino acid changes observed in B4848 and B4881, their VP1 sequences were compared to reference strain GIII.1 Jena, using three-dimensional modeling ([Fig. 3](#f0015){ref-type="fig"} ). Because VP1 is the major capsid protein, it is important to evaluate if the amino acid changes are mainly in the P domain or the S domain, especially because the P domain has both cell receptor ligand and immunogenic determinant activities. As expected, B4881 showed a higher number of modifications than B4848 compared to GIII.1 Jena reference sequence. It seems also clear that most of the amino acid changes observed in B4881 are located at the P domain.Fig. 3Amino acid characterization of the putative recombinant bovine Norovirus strain B4848. A. Amino acid alignment between the capsid protein (VP1) sequences of reference GIII.1 Jena strain and Argentinean bovine Norovirus sequences obtained in this study (B4848 and B4881). The sequence coding the P domain is highlighted in gray. B and C. P domain three-dimensional modeling of B4848 (B) and B4881 (C) strains. The structures were solved using SWISS-MODEL workspace ([@bb0010]) based on homology modeling with the 3sldC and 3astA pdb templates for B4848 and B4881, respectively. Amino acid changes compared to the sequence of the reference strain GIII.1 Jena are indicated in black. Four positions in an axial rotating view are showed.Fig. 3

4. Discussion {#s0055}
=============

The circulation of bovine Noroviruses has been poorly studied in South America, with only a single report of a partial RdRp sequences from bovine enteric caliciviruses in Venezuela ([@bb0005]). In the present work, a screening was conducted aiming at the detection of Norovirus in Argentinean cattle herds belonging to the main dairy regions of the country. Both genotype GIII.1- and GIII.2-related sequences were found to circulate in Argentinean dairy calves. Moreover, according to the genetic analyses, one of the sequences (B4881) may also constitute a potential new genotype in the bovine Norovirus GIII, tentatively named GIII.4.

The detection rate of Norovirus reported in this study (3.3%) is in agreement with studies in Belgium (7.5%, 10 out of 133 fecal samples using a CBECu-F/R primer set) on both dairy and beef cattle and in South Korea (2.8%, 18 out of 645 stool samples from two to 90 days old calves using the same primers) ([@bb0100], [@bb0140]). In contrast, the prevalence of bovine Noroviruses was higher in studies conducted in the USA (72%, 54 out of 75 fecal samples from diarrheic and healthy veal calves using primers for human Norwalk like Viruses or Bovine Enteric Caliciviruses) and Norway (49.6%, 208 out of 419 fecal samples using a Real Time RT-PCR) ([@bb0075], [@bb0165], [@bb0170]). Thus, detection rate results by RT-PCR seem to depend on the continent, the country, the sampling strategy, the test strategy (conventional RT-PCR or qPCR), and the test conditions, such as annealing temperature and primers. Furthermore, sequencing of amplification products should be conducted to confirm bovine Norovirus identity, as we identified several sequences that could be attributed to *Prevotella* sp.

The phylogenetic analysis performed provides evidences for the circulation of rare viruses in South America. It has been shown that B4881 would represent a new genotype, where partial ORF1 sequence is more conserved and still close to GIII.2 genotype but ORF2/3 sequences are too divergent from previously described genotypes, and therefore it has been tentatively named GIII.4. From an evolutionary point of view, the ability to exchange VP1 sequences from different genotypes could give bovine Noroviruses another alternative for herd immunity evasion and a potential evolutionary strategy. Even if the genetic diversity within GIII seems to be lower than in some other genogroups ([@bb0110], [@bb0115], [@bb0225]) and in the absence of biologically relevant criteria\'s (such as virus neutralization analysis), the definition of clear cut-off in term of pairwise divergence for those sequences will be soon needed. Epidemiologically, this data is also important as it indicates that most of the changes at the amino acid sequence level are located in the P domain of the major capsid protein, VP1. This may have major implications in the immunogenic characteristics of this novel genotype. More studies should be carried out in other to determine this matter as well as the relative prevalence of this potentially new genotype in this and other parts of the world. Further epidemiological analysis of sequences from this specific region of the world would clarify the hypothesis of topotypes for bovine Noroviruses and determine the genetic divergence of the viruses circulating in the region.

5. Conclusion {#s0060}
=============

In conclusion, this work allowed us to report the circulation of both GIII.1 and GIII.2 bovine Noroviruses in Argentinean dairy calves, increasing the geographical boundaries of this virus. It also provides new genetic data for GIII.1 strains, which seem to be less prevalent worldwide. Furthermore, the presence of a potentially new genotype within the GIII genogroup is also reported. Additional studies are needed to clarify the situation in the Argentinean herds as well as in other South American countries.

Appendix A. Supplementary data {#s0070}
==============================

Supplementary MaterialAlignment of primers used for RdRp amplification by RT-PCR together with *Prevotella* sp. consensus sequence obtained. Consensus amplicon obtained using CBECu-F and CBECu-R primers set in four out of seven samples was identified as *Prevotella* sp. using Blast tool. CBCu-R primer is as a reverse complement.Supplementary Material
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